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Abstract 

The Raman spectra of single-wall carbon nano tubes (SWNT) produced by laser 
and arc process were studied between 5 and 500 K. The Line width vs temperature 
dependence of the low- frequency Raman bands between 150 and 21)0 cm 1 deviates 
from that expected for phonon decay through phonon-phonon scattering mechanism. 
The experimental results and their analysis provide convincing evidence that each of 
the low-frequency R.aman lines is a superposition of several nai rower Raman lines 
corresponding to tubes of nearly the same diameter. The application of Raman 
spectroscopy to probe the distribution of SWNT by both diameter and chirality is 

discussed. 


1 Introduction 

The Raman spectra of carbon nanotubes, in particular single-wall nanotubes 
(SWNT). have been studied intensively, both experimentally [1-7) and the- 
oretically [8 13]. It has been established that the Raman intensities of the 
high-frequency tangential ( 1 500- 1 600 cm -1 ! and low-frequency radial (140- 
250 cm 1 i modes exhibit strongly resonant behavior [3-5]. It was also found 
that the frequency u'<> of the zone-center in-phasc radial ("breathing’ ) mode 
is inversely proportional to the radius of the tube and is either independent 
[5,13] or negligibly dependent jll| on the chiral angle. Assuming that a SWNT 

Preprint submitted to Elsevier Science 


1 June 1999 



TCSUH 


Jun 4 ’99 11:41 


P 


F 3.x • i 1 r 4 *>~H xtji 


sample is a mixture of achiral and chiral nanotubes of different diameter, the 
Raman spectrum will be a superposition of spectra of all types of tubes m 
l.he scattering volume, the relative weight being determined by their abun- 
dance and Raman cross section . The existence of several peaks in the spectra 
between 140 and 250 cm ' 1 is therefore an evidence of tubes with various di- 
ameters between 1.1 and 2.0 nm. in agreement with the results of scanning 
electron microscopy (SUM) and x-ray analysis [3,14]. The issue is whether the 
observed Raman lines are inhomogcneously broadened complex bands consist- 
ing of several overlapping simple lines of close wave numbers (diameters) or 
simple homogenous bands 


In this work we report the variations with temperature of the Raman spectra 
of SWNT in the temperature range between 5 K and 500 K. In particular 
we studied in detail the behavior of the well resolved peak near 165 cm’ 1 
(at 300 K). corresponding to the radial in-phase- vibration mode of tubes of 
diameter close to 1.36 nm. While the temperature dependence of the line width 
for the latter peak is inconsistent with the expectations for an anharmonic 
decay of a single phonon through phonon-phonon scattering, the experimental 
data can satisfactorily be explained within such a mechanism by considering 
).hc‘ 165 cm -1 band as a superposition of several closely lying components. 


2 Samples and Experimental 


The SWNT samples were obtained by arc and laser production methods. 
The are method is similar to that described m Ret.| 15 1 using a 20 cm wa- 
ter cooled inner cylinder located inside a of) cm chambei. The run conditions 
were: 35 volts; 100 amp s; 100 seem flow of helium at 66 " kPa 1.500 Torrj. 
Part of the collarette deposit on the cathode was used for making a bucky 
paper” (felt-like) sample for characterization. The laser method is described in 
Ref. [16] and is a two-laser oven method used originally by Smalley's group at 
Rice University. The run conditions were: green laser pulse (300 m..l, >5 trim di- 
ameter) followed by TR laser pulse (300 mJ. 5 mm diameter) after 50 nsec; 5 cm 
quartz flow tube in an oven at 1473 K with J 00 scorn argon flow at 66.7 kPa 
(500 Tort). Carbon soot containing nano tubes deposited On the walls of the 
quartz tube was used for making bucky paper as follows. I.lie material (10 
mg) was sonicated in acetone arid filtered through a teflon membrane filter 
(25 mm diameter, 5 fim pore size; Mitex) under vacuum. The dried bucky 
paper removed front the filter papier was used for characterization studies 


The Raman spectra were measured using the He-Ne laser line (632.8 nm) and 
a single spectrometer (1800 gr/mrn grating), equipped with an optical mi- 
croscope 1x50 objective), a notch filter and a liquid-nitrogen-cooled charge- 
coupled device (CCD) detector with 15 x 15 urn pixel size. The spectral reso- 
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lution was 1.3 cm' 1 as evidenced by the width of the laser plasma lines. The 
samples (2 x 2 nun in size) were mounted in a Microstat^* 1 cryostat (Oxford 
Instrument), where the temperature could be varied between 5 and 500 K. 
To minimize local laser heating the laser power in the tocus spot of 5 -/ pm 
diameter was kept, below 0.5 mW, which corresponds to average laser power 
density of 1000-2000 \Y.cm~~. Further reduction of the laser power had no 
effect on the spectral line shape. Spectra taken from different spots on the 
surface of the same sample were practically identical, a fact which indicates 
the homogeneity of the samples studied. 


3 Results and Discussion 


Fig, 1 shows the low- frequency and high-frequency parts of the Raman specti a 
of SWNT as obtained at 10 K from the three different samples used in our 
experiments: Sample Nl, prepared by laser process [16), Sample N2, prepared 
by arc process (15), and Sample N4. prepared by laser process at the same 
conditions as Sample Nl but using a different, laser vaporization target and 
subsequently purified, following the procedure described in Ref. (3). As it fol- 
lows from Fig . I the spectra of Sample Nl and Sample N2 are very similar and 
exhibit well pronounced maxima at 167. 184-185, 190-192, and 195 cm 1 in 
the region of radial „4 ly (or .4) phonon modes. They correspond to tube diam- 
eters of 1.35, 1.22. 1.17-1.18. and 1.15 nrn, respectively. In the high-frequency 
region between 1200 and 1800 cm -1 the spectra of Samples Nl and N2 exhibit 
peaks at 1321. 1549, 1589. 1602, and 1754 cm 1 tat room temperature these 
peaks are at 1321, 1546, 1589, 1598, and 1747 cm l ). Following the analysis 
of Kasuya et al.[2) the complex structure of the 1540-1600 cm' * band can be 
understood by zone-folding of the graphite phonon dispersion relations, t he 
relative intensity of the broad peak at 1324 cm -1 is higher for Sample N2. 
The origin of this peak is not well understood. Its position has been found 
to vary stronglv with the laser excitation wavelength [1) ifrom 12jS cm 
with 1320 nrn excitation to 1347 cm -1 with 514.5 nm) and its appearance 
has tentatively been assigned to a symmetry-lowering effect, such as defects 
of nanotube caps, bending of the nanotube, or the presence of nanoparticles 
and amorphous carbon. [17) The peak at 1754 cm 1 Inns been attributed to 
second-order Rama-n processes .involving combinations of ladial and tangential 
modes [7) 

The spectra from Sample N4 differ significantly from these of Samples Nl and 
M2. The low-frequency peaks at 173. 181 and 195 cm -1 , correspond to maxima 
in the tube diameter distribution of 1.30, 1.24 and 1.15 nm, respectively. Since 
the Raman spectra of all samples have been taken at the same experimental 
conditions, the disappearance, of the peak at 167 cm -1 and the appearance 
of the 173 cm' 1 peak cannot be attributed to changes of the resonant con- 
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ditioiis arid indicates that the average, diameter of the tubes in Sample N4 
is smaller. The high-frequency peaks in the Raman spectrum of Sample N4 
are also shifted towards higher wave numbers: at 1346, 1585, 1608, 1622. and 
1768 cm - 1 , respectively (at room temperature the pronounced maxima are at 
1328, .1664, 1589. 1609, and 1763 cm -1 }. 

The Raman spectra of SWNT exhibit relatively weak changes with temper- 
ature. Further we will concentrate on the variations with temperature of the 
low-frequency part of the spectra as illustrated on Fig. 2 for Sample N2. The 
spectra of Sample N1 and Sample N4 vary in a similar way. The spectral line 
shapes of Fig. 2 can be fitted by five Lorentzians and an even better fit is ob- 
tained by curves of mixed Lo ren tzian - G a u ssi an profiles. As expected, the main 
effect of increasing the temperature is a shift- towards lower wave numbers and 
broadening as shown, m Fig-8 for the well separated peak near 16'' cm F In 
the case of simple phonon lines the line width is a measure of the phonon, life- 
time. It is determined by the dominating scattering mechanism, which could 
be temperature- independent (scattering from lattice defects.! or temperature- 
dependent (scattering from phonons i. Following the standard model for in- 
harmonic phonon decay through phonon-phonon scattering, proved to be valid 
for most crystalline materials [18.19], the variations of phonon line width with 
temperature T(T) follows the dependence: 

r(T) = y A r.-dl 4- — — -), (1) 

e* — 1 

where y is the temperature-independent part of the line width, x = hu>/ (2k p T), 
hu' is the phonon energv, k p is the Boltzmann constant. Provided the 16 1 cm 1 
line corresponds to a single homogenous linos, one expects from Eq.(l) (for 
q = 0) an increase of its width upon varying the temperature from 10 I< to 
500 K by a factor of 8.1. As it is seen from Fig. 3 this is obviously not. the 
case This implies that a more realistic approach, which assumes contribution 
of several close lying homogeneous lines, is required to describe the observed 
ternp^tat.nve evolution of the band width 

We modeled the band at 107 cm" 1 as a superposition of four close lying 
LorenUuan components with, the maxima ojq at 168.1. 167.2, 164.7 and 167.5 
cm"* 1 These positions, obtained from the expression: 

223.75 '223 75 2S56 

1 1X1,11 ‘ rf, T ,. m ) dc- cV 'iv'n 2 -h rn‘ J + nm \ri J -b in- 4- mo 

are the closest ones to 167 cm" 1 and correspond to tubes of chiral indices (m,n) 
of I , 17,0 1 , (16,2). (15.4). and (14.5). respectively. In Eqs.(2) "223.75 nm.cm -1 ” 
is the experimentally determined universal constant [5], and A e_c; — 0.142 run 
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(11,9) itiid 163.9 cm -1 (12,8), or the replacement, of any of the four compo- 
nents by another one at a close position does not, a, tied sign) ti cant Iv the results 

described below. 

The fit of the experimental spectrum for T = 10 K 'vas achieved by varying, 
the intensities of the components for fixed jJu and given y and F,-,. The final 
resolution of the experimental setup was also taken into account V*\ com elut- 
ing the calculated spectrum with the instrumental fu fiction. As it is seen botn 
pig. 4 (lower curve), it was possible to reproduce reasonably well the experi- 
mental line shape at low temperature. Further, to estimate the temperature 
dependence of the Uncwidth. we performed a series of simulations assuming 
that r(T) of each of the components follows the dependence { IF The results 
of model calculations are summarized in Fig- *' by solid lines. As it is dearly 
seen, one can successfully describe the experimentally observed behavior ol 
the band width within the whole temperature range between 0 and 500 K 
for v ^ 2.0 cm" 1 and Fo « TO cm" 1 . Using these values and accounting for 
the temperature induced frequency softening by shifting ail * f o $ by the same 
amount towards lower wave numbers, one can fit the experimental 'pert i a a*, 
higher temperatures, as illustrated in Fig. 4 (upper curve* for T = 500 K. 

The results presented above show that the Raman spectroscopy may become 
an efficient tool for characterisation of SWNi for tube diameter distribution. 
Provided the Raman cross section vs tube diameter dependence for a given 
laser excitation energy (wavelength) is known, the normalised expei i mental 
spectrum will represent the distribution of tubes by diameter. Ihe normalized 
spectrum could then be modelled as a superposition of all lines wir.h in.ri', 
within the frequency range, thus determining the relative weight of the cor re 
spending (m.n) tubes in the sample. 
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Fig. 1. Raman spectra 


at 10 K of three different SVVNT samples. 


Fig. 2. Variation with temperature between 10 and 500 K of the Raman spectra of 
Sample N2 (arc process). The spectral resolution is 1.3 cm . 


Fi<r 3 Experimental (points) and calculated (curves) temperature dependence of 
the width of the 1G7 cm" 1 band. The band is simulated as consisting of four close 
lying Loventzian components with 7 = 2.0 cm and In — 0.5. 10, and 1.5 


f it' 4 Experimental (points) and calculated (curves) profiles of the 167 cm" 1 band 
of Sample N2 at 10 K (lower curve) and 500 K (upper curve). The fitting parameters 
are 7 — 2.2 cm -1 and 1 0 = 0.9 cm 
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